Introduction
The success of scale-up of antiretroviral therapy (ART) in resource-limited settings like South Africa is in large part due to the introduction of a public health approach to access treatment advocated by the World Health Organization (WHO) that emphasized standardized treatment regimens that could be purchased in large quantities and delivered at scale [1, 2] . Currently, South Africa's national treatment guidelines allow for the use of seven antiretroviral drugs (ARVs) for first-and second-line therapies [3] . As treatment options are limited, increasing regimen durability by minimizing the rates of substituting individual drugs within first-line therapy (hereafter referred to as ''single-drug substitutions'') and rates of treatment failure amongst those on first-line regimens is essential to extend first-line treatment options and prevent premature initiation of second-line therapy.
Prior to the South African National Guidelines change in 2010, the most frequently used nucleoside reversetranscriptase inhibitor (NRTI), with the exception of lamivudine, was stavudine [2] . Stavudine is effective [4, 5] but is associated with severe side effects, such as dyslipidaemias, lipoatrophy and mitochondrial toxicities, notably peripheral neuropathy and lactic acidosis [6Á10] . In 2007, as a result of stavudine's poor side-effect profile, the WHO recommended reducing standard stavudine dosage from 40 mg to 30 mg for all adults on ART [11] , and in 2009 recommended discontinuing stavudine for initial HIV treatment [1] . Currently, the WHO recommends giving preference to the use of tenofovir and efavirenz in standard first-line therapy when possible [12] . In 2010, the South African government followed this advice and substituted stavudine with tenofovir, a nucleotide analogue reverse-transcriptase inhibitor (NtRTI), for all new ART initiates [3] .
In resource-limited settings, the transition from stavudine to tenofovir has been slow due to cost [13] and management of toxicities, principally renal insufficiency [12] , which occurs in about 3% of the population of people living with HIV (PLHIV) [14Á20] . By 2011, 84 out of 87 reporting countries had adopted international guidelines that recommend shifting away from stavudine-based to zidovudine-or tenofovirbased first-line regimens [21] . Although many countries have adopted the 2010 WHO guidelines, the phase-out of stavudine remains slow. In South Africa, there has been a substantial decrease in the number of patients on stavudine, from 67% in 2006 to 30% in 2013, with an estimated 715,300 adults still on a stavudine-based regimen [22] .
To date, four observational studies set in resource-limited settings have compared single-drug substitutions amongst patients on tenofovir-, stavudine-(30 mg) and zidovudinebased regimens using routine clinical programmme data. All four studies found that those on zidovudine and stavudine were at increased risk of single-drug substitution compared to patients on tenofovir [23Á26] . In addition, results of a recent study conducted in a resource-rich setting showed a substantial decrease in the annual rate of substitutions due to NRTIs, NtRTIs and non-nucleoside reverse-transcriptase inhibitors (NNRTIs) from 20% in 2006 to 5.6% in 2012 amongst PLHIV on treatment; the findings are most likely due to the introduction of new ARVs with better toxicity profiles [27] . Although the study did not look at stavudine, it did show that patients receiving zidovudine had a sevenfold increase in the rate of single-drug substitution compared to those receiving tenofovir. We investigated whether singledrug substitutions have decreased with the introduction of tenofovir into standard first-line therapy in a large government HIV clinic in Johannesburg, South Africa. In addition, because of the continued discussion regarding the potential decrease in associated toxicities with a lower dose of stavudine (40Á30 mg), we assessed whether the reduced dose of the drug was associated with fewer single-drug substitutions.
Methods

Cohort description
Themba Lethu Clinic, situated at the Helen Joseph Hospital, has enrolled close to 35,000 patients in care, of whom over 25,800 have initiated ART since April 2004. Since the widescale roll-out of ART, clinic staff have provided HIV care according to South African National Department of Health guidelines [2, 3] , which were updated in 2011 to increase the CD4 cell count eligibility threshold for initiating ART from 5200 to 5350 cells/mm 3 or a WHO stage IV condition [28] . Details of the Themba Lethu clinical cohort have been described previously [29] . Briefly, all data, including demographic, clinical conditions, laboratory test results and medications (ARV and non-ARV related), are entered into TherapyEdge-HIV TM in real time by either a clinician or a data entry clerk at the clinic. Routine laboratory tests (CD4 cell count, full blood counts, liver function tests and renal function tests), with the exception of viral loads, are conducted at the time of ART initiation. Additional testing (tuberculosis microscopy and culture results, lactate levels and glucose and lipid profiles) is performed when clinically indicated. Prior to 2010, CD4 and viral load measurements (taken concurrently with full blood counts, liver function tests and renal function tests) were repeated every six months, but changes to the April 2010 guidelines called for these labs to be measured at 6 and 12 months post-treatment initiation and then yearly thereafter. Although the schedule for clinic visits varies depending on the regimen, typically, patients on treatment are seen for medical follow-up visits and at months 1, 3, 6, 7 or 8, 12 and 13, then every six months thereafter. In regard to ARV pickups, patients have a pharmacy visit at months 1, 3, 6, 7 or 8, 10, 11 and 13, and then every three months thereafter [3] .
Adverse event monitoring during the first 12 months on treatment is conducted by clinicians during medical visits in accordance with national guidelines [2, 3] . Typically, alanine aminotransferase levels are routinely measured to monitor liver function for patients on nevirapine; full blood counts are measured at months 1, 2, 3 and 6 to monitor iron levels for those on zidovudine; and creatinine levels are measured at months 3 and 6 for those on tenofovir to monitor renal function [2, 3] . Clinical judgement is used to assess whether additional safety bloods are required if a patient presents with an adverse event. Data on all prescribed ARVs are captured in the database, along with documentation of start and stop dates of all drugs and reasons for discontinuation.
Use of Themba Lethu Clinic data was approved by the Human Research Ethics Committee of the University of the Witwatersrand. Approval for analysis of de-identified data was granted by the Institutional Review Board of Boston University.
Eligibility criteria
We performed a cohort analysis of data collected prospectively as part of routine care at Themba Lethu Clinic. We included all ART-naïve, non-pregnant PLHIV ]18 years old who initiated a standard, public-sector, first-line ART regimen at the clinic between April 2004 and December 2011. Prior to April 2010, guidelines called for all male patients, as well as female patients on injectable contraception and using condoms, to be initiated on a regimen of stavudine or zidovudine with lamivudine and efavirenz, while women unable to guarantee reliable contraception were initiated on nevirapine instead of efavirenz [2] due to concerns about the possible association of efavirenz with birth defects [1] . After April 2010, tenofovir replaced stavudine [3] . Until the end of 2007, stavudine dosing was weight based, with Department of Health guidelines calling for 30 mg doses for those weighing less than 60 kg and 40 mg doses for those weighing 60 kg or more [2] . From October 2007, a universal 30 mg dose was introduced, and 40 mg tablets of stavudine were removed from the clinic [2, 3] .
Reasons for single-drug substitutions Details of possible drug substitutions under treatment guidelines and changes over time are summarized in Table 1 . Briefly, before April 2010, if a patient was suffering from side effects and toxicities related to stavudine or zidovudine, and was not in need of second-line therapy for virologic failure, the recommendation was to substitute stavudine with either zidovudine (if no related anaemia or neutropenia was present) or abacavir and to substitute zidovudine with either stavudine or abacavir [2] . After April 2010, patients initiated on stavudine or zidovudine now had a third option, tenofovir, if no signs of renal insufficiency were detected, while those initiated on tenofovir could substitute with stavudine, zidovudine or abacavir [3] . Since 2004, patients initiated on the NNRTI efavirenz could substitute with nevirapine, while those on nevirapine could substitute with efavirenz, except in early pregnancy [2, 3] .
Study variables
The primary outcome variable was the proportion of subjects who underwent a single-drug substitution in the first 12 months on ART amongst patients newly initiated on first-line therapy. For the purposes of this study, a single-drug substitution was defined as changing one drug without initiating a protease inhibitor, and therefore we excluded all switches to second-line therapy. The severity of side effects and toxicities was not assessed. Follow-up time began at ART initiation. For the analyses of single-drug substitution, person-time ended at the earliest of (1) single-drug substitution, (2) initiation on second-line ART, (3) discontinuation of treatment, (3) loss, (4) death, (5) transfer, (6) completion of 12 months of follow-up or (7) closure of the data set (31 December 2012).
Statistical analysis
Patient baseline characteristics were summarized with descriptive statistics and stratified by year of ART initiation.
We calculated the frequency of single-drug substitutions in the first 12 months on treatment from April 2004 to December 2012, stratified by year of ART initiation and type of ARV. Details of which drugs were substituted and the reasons for discontinuation were identified where possible. As tenofovir was only introduced into standard first-line treatment in April 2010, a model containing both year of initiation on ART and type of ARV did not converge. As a result, we ran two separate Cox proportional-hazard regression models to evaluate the association of single-drug substitution in the first 12 months on ART with (1) year of initiation on ART (Model 1) and (2) type of ARV in first-line ART (Model 2). Since one of our main objectives was to assess regimen durability with the introduction of tenofovir, we conducted a subanalysis where we restricted the outcome to NRTI substitutions only (n 01610) within standard first-line therapy. We were also interested in examining predictors of single-drug substitution amongst patients initiated on a tenofovir-based regimen only (n 04329). In order to do, so we reran Model 2 (with the addition of creatinine clearance levels at ART initiation) and restricted it to only patients initiated on tenofovir after the 2010 change in the guidelines.
Data for CD4 cell count (9.2% missing), haemoglobin (13.6% missing) and body mass index (15.7% missing) at ART initiation were not available for all patients. To account for the missingness, we used multiple imputation by the chained-equations method using the PROC MI command in SAS [30] and assumed that the data were missing at random [31] . All prediction equations included log age at initiation of treatment, gender, square root of CD4 cell count at ART initiation, haemoglobin at ART initiation (continuous), body mass index at ART initiation (continuous), WHO stage (I/II, III and IV) and tuberculosis at ART initiation. Indicator variables for single-drug substitution, death and loss to follow-up were also added to the equations but were not imputed. All models were fitted using 25 imputed data sets, and estimated coefficients were combined by averaging with the MIANALYZE procedure in SAS [32] . Appropriate standard errors were calculated using the within-and betweenimputation standard errors of the estimates using Rubin's rules [31] .
Results
In Even though the clinic made the shift from stavudine-to tenofovir-based first-line ART in 2010, a total of 706 patients initiated a stavudine-based regimen and 164 patients initiated a zidovudine-based regimen after the change in the national treatment guidelines. According to the 2010 guidelines, patients who have contraindications to tenofovir (renal disease or the use of other nephrotoxic drugs, such as aminoglycosides) should be initiated on a zidovudinebased regimen, while those who have contraindications to tenofovir and zidovudine (renal disease and anaemia or the use of other nephrotoxic drugs) should be initiated on a stavudine-based regimen [3] . Seventy-five percent (n 0123) of the 164 patients initiated on zidovudine had documented renal insufficiency at ART initiation, while 58% (n0410) of the 706 patients initiated on stavudine had renal insufficiency and 204 (29%) had moderate to severe anaemia ( B10 mg/dL) at treatment initiation.
Yearly trends in single-drug substitutions From 2005 to 2010 (excluding 2004, when treatment rollout had just begun), prior to the change in the guidelines in 2010, the frequency of single-drug substitutions in the first 12 months on ART ranged from 10.1% (95% CI: 8.9Á11.4%) to 13.1% (95% CI: 11.9Á14.5%) ( Figure 1 and Table 3 ). In 2011, when the switch to tenofovir was well underway in the clinic (more than 85% of patients were being newly initiated on tenofovir quarterly; see Supplementary file), single-drug substitutions decreased substantially to 5.6% (95% CI: 4.8Á6. 5%). Results of a Cox proportional-hazard regression model, adjusted for demographic (age and gender) and clinical characteristics at ART initiation (CD4 cell count, haemoglobin, body mass index, tuberculosis and WHO stage), showed that those patients initiated on ART prior to 2011 had approximately a twofold increase in the hazards of single-drug substitution compared to those who initiated treatment during 2011 (Model 1 in Table 3 ). When restricting the outcome to only NRTI substitutions (n 01610), we saw very similar results, albeit slightly increased (Supplementary file).
Nucleotide and nucleoside reverse-transcriptase inhibitors
The frequency of single-drug substitution in the first year on ART treatment was the lowest amongst those patients initiated on tenofovir-based regimens (5.1%; 95% CI: 4.5Á5.8%) compared to those initiated on zidovudine-(11.3%; 95% CI: 9.5Á13.4%), 30 mg stavudine-(10.5; 95% CI: 10.0Á11.1%) or 40 mg stavudine-based regimens (14.4; 95% CI: 13.2Á15.7%) (Supplementary file and Table 3 ). Median time to substitution for patients initiated on tenofovir was 2.0 months (IQR: 0.9Á5.6) compared to 3.7 months (IQR: (Table 3) . When restricting the outcome to those 1610 subjects who substituted NRTI only, results showed that those on zidovudine [adjusted hazard ratio (aHR): 4.5; 95% CI: 3.3Á6.0], 30 mg stavudine (aHR: 3.7; 95% CI: 2.9Á4.7) and 40 mg stavudine (aHR: 4.9; 95% CI: 3.7Á6.4) had even higher hazards of single-drug substitution in the first year of treatment when compared to patients on tenofovir (Supplementary file). When further restricting the model to those patients who initiated ART after the 2010 change in the guidelines and controlling for year of treatment initiation, we found that the impact of calendar year seen in Model 1 (Table 3) Tenofovir Á NtRTI Cox proportional-hazard regression models, restricted to tenofovir patients who initiated ART after 2010 and adjusted for demographic and clinical characteristics at treatment initiation (n 04329), showed that patients with mild [hazard ratio (HR): 1.8; 95% CI: 1.2Á2.7], moderate (HR: 3.0; 95% CI: 1.8Á5.0) or severe (HR: 2.5; 95% CI: 1.3Á4.7) renal insufficiency compared to normal had an increase in the hazards of single-drug substitution in the first 12 months on ART (Table 4) . Results also showed that those on nevirapine (vs. efavirenz), those who were older (50 years vs. 30Á40 years) or younger (18Á25 years vs. 30Á40 years), those initiated on ART in 2010 (vs. 2011) and patients with poorer health status at ART initiation had an increase in the hazards of single-drug substitution over the period of follow-up.
Non-nucleoside reverse-transcriptase inhibitors
Patients initiated on nevirapine had a higher frequency of single-drug substitution (13.6%; 95% CI: 12.2Á15.2%) when compared to those initiated on efavirenz (9.6%; 95% CI: 9.2Á10.0%) over the period of follow-up (Table 3) . Median time to substitution for those patients initiated on nevirapine was 4.5 months (IQR: 1.4Á8.1) compared to 6.4 months for those on efavirenz (IQR: 3.0Á10.2). Results of adjusted Cox proportional-hazard regression showed that those on nevirapine had a 40% increase in the hazard of single-drug substitution compared to those on efavirenz (Table 3) .
Results from both Models 1 (analysis by year) and 2 (analysis by ARV type) also showed that female versus male patients and those with a WHO stage III/IV versus I/II condition had an increase in the hazards of single-drug substitution in the first 12 months on ART. CD4 cell count at treatment initiation was not a predictor of single-drug substitution.
Reasons for single-drug substitution Supplementary file shows the reason for single-drug substitution for the total 1964 substitutions in the cohort, stratified by ARV drug. We were able to obtain the reason for the switch for only 47.5% (n0932) of single-drug substitutions. However, for that 47.5%, extensive cleaning was done to determine the exact reason for substitution. Stavudine was substituted predominately due to neuropathy (24.6%), hyperlactataemia or lactic acidosis (15.6%) and lipodystrophy (8.6%). When stratifying stavudine by dose, the frequency of the most common toxicities was lower amongst patients on 30 mg versus 40 mg of stavudine (respectively, neuropathy: 21.5% vs. 33.5%; hyperlactataemia or lactic acidosis: 14.1% vs. 19.6%; and lipodystrophy: 7.2% vs. 12.5%). Zidovudine was substituted due to anaemia (14.5%), lipodystrophy (6.4%) and hyperlactataemia or lactic acidosis (3.6%), and 25.3% of tenofovir substitutions were due to renal insufficiency. In regard to NNRTIs, efavirenz was commonly substituted with nevirapine due to pregnancy (12.8%), while nevirapine was substituted with efavirenz due to tuberculosis treatment (23%) and liver toxicity (18.5%).
Discussion
With the introduction of tenofovir into standard first-line treatment, it has become clear that the poor side-effect profiles of zidovudine and stavudine have hampered the durability of ART in this setting. As a result of the limited follow-up time since the 2010 change in South African national ART guidelines to include tenofovir in standard first-line therapy, this is one of the first studies to examine changes in single-drug substitutions in this setting in relation to a major policy change. The overall frequency of single-drug substitutions in our cohort was 10% in the first 12 months on ART, which is similar to what has been previously reported [23Á27]. We saw a substantial decrease in single-drug substitutions in the first 12 months on ART, from 11.2% in 2009 (prior to the change in South Africa's national ART guidelines) to 5.6% in 2011 (after the replacement of the NRTI stavudine with tenofovir). Since there are fewer side effects and drug toxicities with tenofovir use compared to stavudine [5] , it is not surprising that switching to tenofovir in first-line ART would be accompanied by a marked decrease in the number of patients needing single-drug substitutions.
Four previous studies [23Á26] conducted in resourcelimited settings reported single-drug substitutions occurring more frequently for zidovudine and tenofovir early after treatment initiation and at a higher rate later on in follow-up amongst patients on stavudine, consistent with our results. It is important to note that time to substitution is partly a function of the frequency of monitoring, which differs for each NRTI. Laboratory monitoring for tenofovir and zidovudine is often conducted early on after treatment initiation, while for stavudine monitoring begins more often when the patient begins to develop clinical symptoms of toxicity diagnosed at a medical visit [3] . Our results differed, in regard to the hazards of single-drug substitution, when comparing NRTI drugs. We report a three-to fourfold increase in the hazards of single-drug substitution when comparing stavudine (30 and 40 The overall rate of single-drug substitution amongst patients on tenofovir was 6.3 per 100 person-years (95% CI: 5.5Á7.2). Results of our proportional-hazard model restricted only to those patients initiated on tenofovir after 2010 showed that patients with renal insufficiency (creatinine clearance B90 mL/min) at ART initiation had a two-to threefold increase in the hazards of single-drug substitution over the period of follow-up, consistent with other studies [24Á26] . Twenty-five percent of those who substituted tenofovir for either stavudine or zidovudine did so due to renal insufficiency. Unfortunately, we were unable to determine the reason for substitution in the remaining 75% of patients. However, in these patients, tenofovir was most likely substituted with stavudine or zidovudine due to signs of renal insufficiency or because they were started on nephrotoxic drugs for the treatment of other comorbidities [3] . Regardless, it is imperative that patients on tenofovir are monitored regularly for signs of renal complications. Currently, the national guidelines recommend routine measurement of kidney function in patients at presentation and throughout tenofovir use [3] . At Themba Lethu Clinic, serum creatinine and creatinine clearance are monitored at ART initiation, at three and six months and yearly thereafter for patients on tenofovir [3] . Only patients with a calculated creatinine clearance 50 mL/min can safely start tenofovir [3] . However, if toxicity develops, the clinician has to make the decision to either reduce the dose of tenofovir to every 48 hours, twice weekly or every seven days with haemodialysis or substitute tenofovir with zidovudine [3] . With the slow transition away from stavudine use in resource-limited settings [21, 22] , coupled with the fact that patients with contraindications to tenofovir and/or zidovudine only have stavudine as a first-line treatment option, there has been much discussion regarding decreasing the dosage of the drug even lower, to 15 or 20 mg. Although the data on a lower dose of stavudine are scarce, there is evidence that patients can maintain virologic suppression, improve immunologic response and decrease stavudinerelated adverse events while on ART [34Á37]. One study reported that a switch to a half dose of stavudine (15 or 20 mg) modestly improved mitochondrial function and lessened the loss of bone mineral density [35] . Although our study did not have patients initiated on a stavudine dose less than 30 mg, we did find that patients on 30 mg stavudine had lower hazards of single-drug substitution than those on 40 mg when compared to those on tenofovir, similar to what has been reported previously [38Á42] .
Our results show that patients on nevirapine had a 40% increase in single-drug substitutions in the first year on treatment compared to patients on efavirenz, consistent with previous findings [43Á47]. It is also important to note that female patients in our cohort had a 30% increase in singledrug substitutions in the first year on treatment when compared to men. Some of this increase could be related to pregnancy; however, when we removed women who substituted due to pregnancy, the hazards of single-drug substitution remained unchanged. Nevirapine reactions also have been shown to be more common at higher baseline CD4 cell counts, especially in women with CD4 200 cells/ mm 3 or men with CD4 cell counts 400 cells/mm 3 [3, 43, 48] . However, when male and female patients who were initiated on nevirapine at higher CD4 cell counts were removed from the analysis, the association between female gender and single-drug substitution also remained unchanged.
Since data for this analysis come from one of the largest HIV clinics in South Africa, which has been actively enrolling patients since the roll-out of treatment in the country in 2004, we were able to evaluate trends in single-drug substitution over time in ART. However, our findings should be considered in light of the study limitations. First, this study represents patients from only one government ART site and may, therefore, not be generalizable to other clinics. Second, due to the lack of documentation of reasons for singledrug substitution for 42.6% of events amongst patients on a stavudine-based regimen, roughly 75% of events amongst patients on a tenofovir-or zidovudine-based regimen and over 55% of events amongst patients on nevirapine-or efavirenz-based regimens, we are likely underestimating the frequency and type of side effects due to less than perfect surveillance. Third, multiple imputation helps make it possible to handle missing data routinely and improve the validity of research. However, the procedure requires the user to model the distribution of each variable with missing values in terms of the observed data [24] . The validity of results from multiple imputation depends on such modelling being done carefully and is based on the assumption that our data are missing at random. Deviations from this could have led to unpredictable biases in our parameter estimates.
Conclusions
The decline in single-drug substitutions in the first 12 months on ART is associated with the use of tenofovir in firstline regimens in our cohort, resulting in few drug toxicities in patients on treatment and improved regimen durability. Although the increased use of tenofovir could improve treatment outcomes in resource-limited settings, further research is necessary to determine if a lower dose of stavudine may be a valid option in countries where reduction in the use of stavudine will be progressive, including those with limited access to drug alternatives and/or limited laboratory capabilities, and as a back-up option in the presence of treatmentlimiting toxicity due to zidovudine or tenofovir.
